To examine the association between lead exposure and both individual and geographic area indicators of socioeconomic position, the authors measured tibia lead concentration, a biomarker of cumulative lead exposure, using K x-ray fluorescence in a cross-sectional survey of 538 white males aged 50-92 years who were healthy when enrolled in the Normative Aging Study (Boston, Massachusetts) in the 1960s. Data on individual risk factors, education, occupation, and income were collected by questionnaire. Using subjects' residential addresses at the time of the tibia lead measurements, the authors obtained geographic area-specific measures of education, social class, and poverty by linking records to 1990 US Census block group data. In multivariate linear regression analysis controlling for age and cumulative smoking, tibia lead concentrations were 10.39 ng/g (95% confidence interval (Cl) 7.80-12.97) higher in men who did not graduate from high school than in men with >4 years of college. Among the former men (non-high school graduates), living in an undereducated area was associated with a 9.28 ug/g (95% Cl 1.59-16.97) increase in tibia lead level compared with living in a non-undereducated area; among the latter men (college graduates), no difference existed by residential area education (P = 0.72, 95% Cl -5.35 to 6.78). The authors conclude that the influence of individual socioeconomic position on cumulative lead exposure is modified by geographic area conditions. Am J Epidemiol 1999; 150:129-41.
of US blood lead concentrations, for example, have shown higher concentrations among Blacks as compared with Whites and among people with low income as compared with high income (1) (2) (3) . Only one study, however, has examined the association between bone lead concentration, a measure of chronic lead exposure, and socioeconomic position (4) . Surprisingly, that small study of 100 individuals did not find an association.
It is important to measure chronic lead exposure, because it results in an accumulation of lead in bones. In autopsy studies of adults, 90-95 percent of the body burden of lead is found in the skeleton (5) . While blood lead level is a biomarker of recent lead exposure (6, 7) , toxicokinetic studies have demonstrated that the half-life of lead in bone ranges from years to decades (6) . The evolution of K x-ray fluorescence (K-XRF) technology has made in vivo measurement of bone lead concentrations possible (8) . Bone lead as measured by K-XRF has been shown to be an indicator of cumulative lead exposure (9) (10) (11) . Various studies have shown that an elevated bone lead level is a risk factor for a number of chronic health effects, including a depressed hemoglobin level (12) , hypertension among middle-aged to elderly men (13) and middle-aged women (14) , decreased birth weight among environmentally exposed women (15) , and electrocardiographic conduction abnormalities (16) .
To date, research on the association between socioeconomic position and lead levels has focused on individual-level indicators of socioeconomic position. However, for exposures to environmental pollutants, geographic area characteristics may be important, since the physical surroundings of individuals may contribute to their exposures. The purpose of this study, therefore, was to explore associations between chronic lead exposure, as measured in tibia bone by K-XRF, and both individual and geographic area-based measures of socioeconomic position.
MATERIALS AND METHODS

Study subjects
Study subjects were participants in the Normative Aging Study, a longitudinal study on aging that was started in 1961 by the Veterans Administration (now the Department of Veterans Affairs) (17) . The original study cohort consisted of 2,280 community-dwelling men from the greater Boston, Massachusetts, area, who were 21-80 years of age and disease-free at the time of enrollment. Both veterans and nonveterans were enrolled. Recruitment focused on participants demonstrating geographic stability and representing a broad range of socioeconomic characteristics in terms of education and occupation (18) . Potential participants were excluded if they had a history or presence of chronic health conditions such as heart disease, diabetes mellitus, cancer, gout, sinusitis, bronchitis, recurrent asthma, peptic ulcer, and hypertension (systolic blood pressure >140 mmHg or diastolic blood pressure >90 mmHg).
Since the inception of the study, subjects have returned to the Department of Veterans Affairs outpatient clinic in Boston for routine examinations every 3-5 years. At each return visit, subjects undergo a routine physical examination and the collection of laboratory, anthropometric, and questionnaire data. Starting in 1991, subjects were invited to undergo bone lead measurement at the outpatient Clinical Research Center of the Brigham and Women's Hospital. Between June 1, 1991, and December 31, 1995, there were 779 participants and 377 nonparticipants. Participants are defined as those subjects who agreed to undergo bone lead measurement, while nonparticipants are subjects who came in for their routine appointment but declined to undergo bone lead measurement, most commonly because of the inconvenience of going to a separate appointment at a different location. Participants were similar to nonparticipants with respect to age, race/ethnicity, retirement status, education, income, occupation, and smoking status (table 1) . This research was approved by the human research committees of the Department of Veterans Affairs and Brigham and Women's Hospital. Written informed consent was obtained from all participants.
K-XRF bone lead measurements
Bone lead measurements were taken using an ABIOMED K-XRF instrument (ABIOMED, Inc., Danvers, Massachusetts). The physical principles, technical specifications, validation, and quality control procedures for this instrument have been described in detail elsewhere (12, (19) (20) (21) , as have those of other K-XRF instruments (22, 23) . The unit of measurement used is micrograms of lead per gram of bone mineral (|Xg/g). Since the instrument provides a continuous unbiased point estimate that oscillates around the true bone lead value, negative point estimates are sometimes produced when the true bone lead value is close to zero. The instrument provides an estimate of the uncertainty associated with each measurement. Although a minimum detectable limit calculation of twice this value has been proposed for interpreting an individual's estimated bone lead concentration (24) , retention of all point estimates makes better use of the data in epidemiologic studies (25) . For the present study, 30-minute measurements were taken at the midshaft of the left tibia (representing cortical bone) after the region had been washed with a 50 percent solution of isopropyl alcohol. The K-XRF beam collimator was sited perpendicular to the bone surface of the tibia.
Covariates
Age, retirement status, smoking, and alcohol consumption were assessed at each study visit. Selfidentified race/ethnicity was recorded. At each visit, the subject was labeled according to his current smoking status as a never smoker, current smoker (>1 cigarette/day), or former smoker (no smoking for at least 30 days preceding the visit). Cumulative smoking (lifetime pack-years) was calculated for current and former smokers. At each visit, participants were also questioned regarding their current alcohol consumption. Participants were classified as current alcohol drinkers if they reported consuming two or more alcoholic drinks per day, on average. Cumulative alcohol consumption was calculated as the percentage of all study visits in which the subject reported drinking two were obtained from questionnaires completed at the time of bone lead measurement or from the most recently completed questionnaire.
Socioeconomic position indicators
Census-derived indicators. Subjects' addresses at the time of bone lead measurement were obtained. Although no reliable data on duration of residence at the current address were available, overall this is a stable cohort with regard to residential address. The addresses were sent to a commercial firm (BonData, Hummelstown, Pennsylvania) to be geocoded, whereby the address was used to obtain the county code, census tract number, and block group number based on the geographic areas defined in the 1990 Census of Population and Housing (26) . Data from the 1990 Census were used rather than data from earlier censuses, because of the interest in characterizing subjects' socioeconomic position at the time of bone lead measurements (which began in 1991), regardless of how long it took for the lead to accumulate in the subjects' bones. While, ideally, it would have been interesting to examine the socioeconomic position of the study subjects over their lifetimes, in terms of both individual-level and geographic area-level indicators, the data with which to do so were not available. For quality control of the commercial geocoding process, census tract and block group numbers for 10 randomly selected addresses were manually derived from census databases and maps, and were found to match exactly. Of the 779 subjects with bone lead measurements, 715 (91.8 percent) lived in Massachusetts at the time of bone lead measurement; this study was restricted to Massachusetts residents. Of these 715 addresses, 681 (95.2 percent) were successfully geocoded; 20 (2.8 percent) were found to be post office boxes; and 14 (2.0 percent) could not be geocoded, possibly because of incomplete or incorrect information or because the address was established after the 1990 Census.
The geographic area-level indicators of socioeconomic position were based on data for census block groups from the 1990 Census of Population and Housing. On average, a block group, which is a subdivision of a tract, contains 1,000 people, as compared with 4,000 people in a tract (26, 27) .
Three dichotomous census-based indicators of geographic area socioeconomic position were derived: class (working class vs. non-working class), education (undereducated vs. non-undereducated), and income (impoverished vs. nonimpoverished). The indicators used were defined on the basis of previous studies which derived and validated them as measures of socioeconomic position (28) (29) (30) . Working class areas were defined as areas where >66 percent of the employed population worked in occupations typical for working class individuals-i.e., persons who are wage-earners but are not self-employed, who do not own their workplace or employ other workers, and who generally occupy subordinate positions (29, 31, 32) . Based on the 13 occupational categories from the 1990 Census occupational classification system (33), working class occupations were defined as follows: 1) clerical work and administrative support; 2) sales; 3) private household labor; 4) service jobs, except protective services (see below); 5) skilled crafts; 6) transportation; 7) manual labor; and 8) machine operating. Non-working class occupations were defined as: 1) executive, administrative, and managerial positions; 2) professional specialties; 3) technical positions and related support services; 4) protective services (police, firefighters, security guards, etc.); and 5) farming (including farm owners and managers), forestry, and fishing. Geographic areas were designated as undereducated if >25 percent of residents aged >25 years had not completed high school. Areas were designated as impoverished if >10 percent of the population lived below the federally defined poverty line.
Individual-level indicators. Data on each subject's education, income, and occupation were collected using questionnaires. Education was assigned on the basis of the highest level of education achieved, using three categories: 1) did not graduate from high school; 2) graduated from high school but did not graduate from a 4-year college; and 3) graduated from a 4-year college or higher. Income, defined as total income in the previous year, was measured using 14 categories, which were later reduced to four: <$20,000, $20,000-$29,999, $30,000-$49,999, and >$50,000. Finally, subjects were asked about their occupation on all visits between 1962 and 1980. Responses were recorded verbatim and were coded blindly into one of 45 possible categories, which were then assigned to one of the 13 census occupational groups (33) . To identify each respondent's current occupational class, we characterized the most recently reported occupation as working class or non-working class, using the categories described above. We did not categorize occupations in terms of likely occupational exposure to lead; future analyses of the relation of bone lead concentrations to occupational exposures are planned.
Statistical analyses
Of the 681 Massachusetts residents whose addresses were successfully geocoded, only 22 were of a race/ethnicity other than White or were missing data on race/ethnicity. Therefore, we restricted the analyses to the 659 White subjects. Sixty-seven of these subjects were eliminated because of missing data on a socioeconomic position indicator; this left 592 subjects. For quality control, as described previously (34) , tibia lead concentrations with measurement uncertainty estimates over 10 (J.g/g were eliminated. Four observations were thus eliminated, leaving 588 subjects. All models predicting tibia lead concentrations used analytic weights based on the measurement uncertainty, with the weighting factor equaling the inverse of the squared measurement uncertainty.
We constructed a multivariate linear regression model for predicting tibia lead concentration by including several variables identified a priori as likely confounders: age, smoking history, alcohol consumption, and retirement status. The "base" model was obtained by backwards elimination which retained continuous variables with p values less than 0.20 and retained whole sets of indicators corresponding to categorical variables if any indicator in a set had a p value less than or equal to 0.20. The base model identified age and cumulative smoking as significant predictors of tibia lead concentration, as was seen previously (34) . Because 45 subjects were missing data on cumulative smoking, this model used data on 543 subjects. Regression diagnostics, carried out on the base model using jackknife residuals and leverages (35) , identified five outliers (based on extreme values of jackknife residuals), which were eliminated, leaving a final sample of 538 subjects. All subsequent analyses were performed both with and without inclusion of the outliers. The analyses generated similar results; therefore, only the results obtained after exclusion of the outliers are presented.
For subjects with data on all required variablesi.e., predictors in the base model and indicators of socioeconomic position-bivariate analyses were carried out to compare tibia lead concentrations across categories of age, retirement status, current and cumulative smoking, current and cumulative alcohol consumption, and individual and area-level socioeconomic position indicators. Because of the strong positive correlation of tibia lead with age (r = 0.34, p < 0.0001), which has been reported in other crosssectional surveys of community-exposed individuals (4, 21, 36, 37) , the bivariate analyses were carried out with tibia lead values adjusted by least squares regression to the mean age (34) .
To assess which types of socioeconomic position indicators (i.e., census-derived or individual) best predicted tibia lead concentrations, we constructed a number of multivariate linear regression models. All models included the predictors identified in the base model. Four separate models were constructed for the individual-level indicators: one with each indicator alone and one with all three indicators. Similarly, four models were constructed for the census-derived indicators. The models were compared on the basis of the adjusted R 2 , representing the variance in tibia lead concentrations that could be explained by the models.
To investigate whether both individual-level and area-level indicators of socioeconomic position are important in explaining tibia lead concentrations, we carried out two sets of multivariate linear regression analyses. The first set of analyses examined, separately for individual education, class, and income, the association between tibia lead concentration and the individual-level socioeconomic position indicator, stratified by the corresponding area-level socioeconomic position indicator (for example, the association between tibia lead and individual-level education, stratified by area-level education). The second set of analyses examined, separately for area education, class, and income, the association between tibia lead concentration and the area-level socioeconomic position indicator, stratified by the corresponding individual-level socioeconomic position indicator (for example, the association between tibia lead and area-level education, stratified by individual-level education). All regression analyses adjusted the data for the covariates identified in the base model. Stata software, release 4.0 (38), was used for all statistical analyses.
RESULTS
The 538 subjects included in our analyses ranged in age from 50 years to 92 years (mean = 66.8 years) and had tibia lead concentrations ranging from <1 |ig/g to 75 |lg/g, with a mean of 22.1 |Xg/g, a median of 20.0 |lg/g, and a geometric mean of 19.1 \ig/g. The mean tibia lead levels in the various age groups were as follows: in persons aged 47-59 years (n = 82), 14.7 |0.g/g (standard deviation 7.6); in persons aged 60-69 years (n = 273), 21.2 u.g/g (standard deviation 10.3); and in persons aged >70 years (n = 183), 26.9 |lg/g (standard deviation 13.4). The 538 study subjects lived in 462 different block groups; 78 of these block groups (16.9 percent) were categorized as undereducated, 131 (28.4 percent) as working class, and 69 (14.9 percent) as impoverished.
In bivariate analyses (table 2) , age-adjusted tibia lead concentrations were significantly higher among former or current smokers, smokers with more than 20 cumulative pack-years, subjects who did not graduate from a 4-year college, those who lived in an undereducated area, those who lived in a working class area, and those with an annual income under $30,000; lead concentrations were marginally higher {p = 0.08) for subjects living in impoverished areas.
For individual-level socioeconomic position indicators (table 3), the analyses showed that education and income were inversely associated with tibia lead concentration, with the effect being strongest for education, as is shown by the adjusted R 2 values for the three models. Similar results were obtained for models using * Percentages may not total 100% because of rounding. t Tibia lead values were adjusted by least squares regression to the mean age. $ Reference group. § Percentage of visits on which subject reported consuming >2 alcoholic drinks/day. 1) Definition: >25% of the block-group population aged >25 years had not completed high school. # Definition: >66% of the block-group population was working class. ** Definition: >10% of the block-group population lived below the poverty line. trations (as is shown by the adjusted R 2 values for models 5 and 9). Table 5 presents, for each of the three individuallevel socioeconomic position indicators, associations between tibia lead concentrations and the corresponding area-based socioeconomic measures. In the case of education, for example, tibia lead level was higher, comparing men who did not graduate from high school with those who had >4 years of college, by 15.53 u\g/g (95 percent confidence interval (CI) 4.04-27.03) among persons living in undereducated areas; in areas which were not undereducated, the difference was half as great (8.60 (ig/g, 95 percent CI 6.05-11.15). Table 6 presents results for each of the three area-level socioeconomic position indicators, where the association with tibia lead concentration is shown after stratification by the corresponding individual-level socioeconomic position indicator. This analysis also showed effect modification by area characteristics: Among men who did not graduate from high school, for example, living in an undereducated area was associated with a 9.28 |ig/g (95 percent CI 1.59-16.97) increase in tibia lead level compared with living in an area that was not undereducated, whereas among men with >4 years of college, no difference existed by area education (p = 0.72, 95 percent CI -5.35 to 6.78). Similar contextual effects were apparent for models including the individual and area-based measures of poverty and occupational social class.
DISCUSSION
Our study results suggest that individual and areabased measures of socioeconomic position are independently and significantly associated with tibia lead concentration, a measure of chronic lead exposure. To our knowledge, only one small prior study examined associations between socioeconomic position indicators and bone lead levels measured by K-XRF (4); it found no significant correlations. However, that study was limited to 100 subjects with a wide age range (11-78 years). We are not aware of any previous studies that have examined the relations between geographic area socioeconomic conditions and a biomarker of lead exposure, whether measured in bone or in blood.
There were no definable point sources of community lead exposure, such as a lead smelter, that could have contributed to the bone lead concentrations observed among the study participants. The mean and median tibia lead concentrations of 22.1 (Xg/g and 20.0 M-g/g, respectively, for the current study participants (mean age = 66.8 years) are roughly half of those that have been observed among men of similar age (60-70 years) with occupational exposures to lead, such as retired lead smelter workers (mean age = 67.9 years; median tibia bone lead concentration, 39.3 )xg/g) (39) .
Our study results are not likely to be due to biases affecting measurement of lead levels or socioeconomic position. Out of a number of covariates, the base model identified older age and increased pack-years of cigarette smoking as significant predictors of tibia lead concentration, which is consistent with our previous findings (34) . The observed concentrations of tibia lead and the strong correlation with age were similar to what has been observed in other studies of community-exposed adults (4, 10, 21) . The correlation between cumulative smoking and tibia lead level was observed previously in an autopsy study (40) and in the small K-XRF study (4) . Lead exposure due to smoking may occur via direct lead intake from tobacco (41) , increased hand-to-mouth contact (42) , transport of airborne lead into the lungs by smoke particles (41) , or the heightened permeability of the smoke-exposed respiratory tract (43) . Numerous studies have used blood lead concentration as a biomarker of lead exposure in order to assess the role of individual socioeconomic position. The most recent national survey of blood lead concentrations in the US population, the Third National Health and Nutrition Examination Survey (NHANES III) (phase 1, [1988] [1989] [1990] [1991] , examined the percentage of children aged 1-5 years with blood lead concentrations >10 |Xg/dl, and found higher blood lead levels to be correlated with low income and low educational attainment (2) . Other studies on children's blood lead concentrations have also shown elevations in association with lower socioeconomic position (1, 3) .
The use of any geographic area-level measure as a proxy for an individual indicator may be susceptible to the ecologic fallacy, i.e., the mistake of making inappropriate inferences for individuals on the basis of data pertaining to groups of people (44) . This is not of concern when area measures are used concurrently with individual-level measures, because in these analyses, which may be referred to as contextual analyses, the interest is in the interactions between the two levels of measures and in their association with the outcome under study (45) (46) (47) . Indeed, by including data at both levels, it is possible to avoid the "individualistic" fallacy, i.e., "the assumption that individual-level data are sufficient to explain social phenomena, including population patterns of health and disease" (48, p. 98) . By way of illustration, Haan et al. (49) found a higher mortality risk among residents of poverty areas than among residents of nonpoverty areas after adjusting for numerous individual-level parameters. The authors concluded that, independently of individual behaviors, the sociophysical environment may contribute to the association between low socioeconomic status and excess mortality, through a number of possible mechanisms (49) . Other studies have likewise shown evidence of contextual effects for smoking (28, 50) , reproductive outcomes (30), hypertension (28) , children's health (51) , and all-cause mortality (49) . In the case of lead exposure, geographic area-based measures of socioeconomic position may be acting as proxies for area factors which have been found to be associated with blood lead concentrations-e.g., housing age (52, 53) , traffic density (54, 55) , and proximity to stationary sources of pollution such as lead smelters (56) (57) (58) . Various studies have also demonstrated that lead is excessively concentrated in the inner-city zones of numerous urban areas (59) (60) (61) (62) (63) (64) (65) ,. the same areas where individuals of lower socioeconomic position are likely to reside.
Analyses which consider contextual effects seek to allow for "macro processes that are presumed to have an impact on the individual actor over and above the effects of any individual-level variables that may be operating" (45, p. 354). One concern with contextual analyses is that residual differences may be erroneously attributed to a group effect when they may in fact be due to individual effects which have not been considered; i.e., all possible adjustments at the individual level should have been made before implicating the sociophysical environment (66, 67) . This is of less concern in the current study, since the outcome under consideration is a biomarker of exposure to an environmental pollutant, an outcome that is likely to be influenced by an individual's surroundings. Hence, the contextual effects observed in the current study are likely to be due to physical phenomena and not superfluous.
The contextual effects observed in this study-i.e., the finding that the influence of individual socioeconomic position on cumulative lead exposure is modified by geographic area socioeconomic conditions and vice versa-may have various important implications. Consider the finding that in impoverished areas, there was a substantial difference of 12.67 u.g/g in tibia lead level between men with the lowest and highest individual incomes, whereas in nonimpoverished areas, the difference between these two groups of men was only 3.65 |ig/g. Additionally, among men with the lowest income, tibia lead concentrations were considerably higher for those living in impoverished areas than for those living in nonimpoverished areas, whereas among men with the highest income, no area effect existed. One possible interpretation of these interactions is that they reflect the interplay of area-based exposures to lead and the individual option to reduce the effects of these area-based exposures. Research has shown that poor nutrition, which is more common among low income individuals (68) , increases the likelihood of absorbing lead once it is ingested (69) . A recently published analysis of the relation of nutrition to bone lead concentration among participants in the Normative Aging Study suggested that low dietary intake of vitamin D may increase the absorption and accumulation of lead in bones (70) . The authors concluded that "nutritional intervention should be evaluated as an effective strategy to reduce the impact of low levels of lead exposure" (70, p. 1172). One may hypothesize that in impoverished areas, where areabased sources of lead exposure may be important, people with higher incomes may adhere to a better diet and thus absorb relatively less lead, reflecting a greater ability to reduce the effects of unfavorable area characteristics. By contrast, in nonimpoverished neighborhoods, where lead exposures are likely to be much lower, nutrition-related income effects would be less likely to be associated with individual lead body burden. Fewer area-based lead exposure sources could also explain why poor people living in high income areas have a lower lead body burden than equally poor people living in less affluent neighborhoods.
From the standpoint of achieving environmental equity, the observed contextual effects for lead exposures may have important policy implications. The knowledge that area or neighborhood characteristics may play a role in lead exposures raises questions about efforts to reduce inequality in lead exposure chiefly through abatement policies whose unique purpose is to reduce home sources of lead exposure, since area-based exposures-e.g., from traffic, or from residual lead in soil and dust due to past use of leaded gasoline-may also be important. Future research should seek to identify and quantify the physical factors that may give rise to contextual effects and should explore ways to incorporate relevant area-level variables into models of individual-level health outcomes. It should also examine whether contextual effects are present in racial/ethnic groups other than US Whites, and should consider whether area-based socioeconomic characteristics contribute to the observed racial/ethnic disparities in US lead exposure. Such research might advance progress towards environmental equity by yielding knowledge useful for designing policies to remedy social inequality in lead exposure.
